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The microtubule cytoskeleton
organizes the internal structures
within the cell and provides
directional information for the
motor proteins that run along the
microtubules. Organization and
directional information come from
the polarity built into microtubules
as they assemble from tubulin
heterodimers. The initial step in
microtubule assembly —
nucleation — also defines the
polarity of the microtubule. In
cells, microtubules are nucleated
by complexes known as γTuCs,
which contain γ-tubulin and a
cohort of additional proteins. The
γTuCs bind and stabilize the
‘minus’ end of the microtubule,
while the dynamic ‘plus’ end
extends away from the nucleation
site and grows and shortens by
dynamic instability [1].
How are microtubules organized
into larger arrays? Are they ‘born’
or are they ‘made’? In animal cells,
most microtubule arrays are ‘born’
— they are nucleated by the
centrosome (the major
microtubule-organizing center
(MTOC) of animal cells), which
typically sits alongside the nucleus
near the center of the cell [2]. With
the microtubule minus ends all
located in the center of the cell,
the microtubule plus ends grow
out in a radial pattern, extending in
all directions toward the plasma
membrane. However, other
microtubule arrays are ‘made’ —
individual microtubules free in the
cytoplasm are gathered and
sorted into a polarized array by the
actions of motor proteins [3]. The
meiotic spindle in some organisms
can form by this process [4].
Recent work from Janson et al. [5]
now demonstrates that
microtubule arrays can arise from
both processes simultaneously —
a microtubule can be nucleated at
a site on the side of an existing
microtubule and transported as it
grows. This type of mechanism
may apply to a wide range of cells
having non-centrosomal
microtubule arrays, including
epithelial cells, neurons, muscle
cells and plant cells.
Progress in understanding how
non-centrosomal microtubule
arrays are organized has come
from experiments using the fission
yeast, Schizosaccharomyces
pombe [5–7]. This rod-shaped
yeast builds several relatively
simple microtubule arrays during
its life cycle, including four
distinct bundles of non-
centrosomal microtubules during
interphase [8] (Figure 1A,B). Each
interphase bundle minimally
contains a pair of anti-parallel
microtubules with overlapping
minus ends located near the
nucleus and plus ends extending
out toward the periphery. The
polarity and organization of the
interphase microtubules
determines the sites of new cell
growth and cell shape. These
interphase microtubules are
nucleated at sites termed
interphase MTOCs (iMTOCs,
Figure 1) and the molecular
characterization of these iMTOCs
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Cytoskeleton: Microtubules Born
on the Run
The organization of microtubules into large arrays determines cell
morphology and structure. Recent work in the fission yeast describes a
novel mechanism for microtubule self-organization in the absence of
centrosomes; this mechanism may function in a variety of cell types
found in diverse organisms.
is rapidly falling into place
(described below) [5–7,9–13].
As well as iMTOCs, fission
yeast contain two additional
MTOCs, the spindle pole body
(SPB) and the equatorial MTOC
(eMTOC). Interestingly, the SPB,
the yeast version of the
centrosome, functions mainly
during mitosis, nucleating the
intranuclear spindle microtubules
and the cytoplasmic astral
microtubules [8]. The eMTOC
assembles the post-anaphase
array of microtubules in the
middle of the cell where
cytokinesis then occurs. The
iMTOC, eMTOC and SPB all
contain γTuCs. Here, we focus
specifically on the iMTOC and
how it generates a microtubule
array 
Advances in understanding
iMTOC nucleation of microtubules
have come from analysis of S.
pombe mutants with defects in
polarized cell growth. Because
polarized growth at the two ends
of the S. pombe cell is dependent
on microtubule organization,
defects in the microtubule
cytoskeleton often lead to loss of
polarized growth and generation
of bent or T-shaped cells. Recent
studies identified two genes, mto1
(mod20/mbo1) and mto2, that are
required for nucleation of
interphase microtubules but do
not encode components of the
γTuC complex [5–7,11,12]. Mto1p
interacts directly with γTuCs and
functions to recruit γTuCs to the
iMTOCs. Mto1p is also localized
to small particles that bind to
microtubules and move along
them [12]. Mto1p probably
functions in a complex with
Mto2p, an iMTOC protein recently
identified by three groups [5–7].
Mto1p and Mto2p interact directly
with each other and colocalize
with γTuCs at iMTOCs (Figure 1). 
Depletion of either Mto1p or
Mto2p is sufficient to eliminate
iMTOC-nucleated microtubules,
but their roles in nucleation are
not yet known. In the absence of
Mto1p or Mto2p, cytoplasmic
γTuCs are present, but appear
non-functional, suggesting that
Mto1p/Mto2p may somehow
activate γTuCs in iMTOCs. S.
pombe cells lacking Mto1p or
Mto2p still have one or two
anti-parallel microtubules in
interphase; these microtubules
may be nucleated at the
cytoplasmic face of the SPB
[5–7,11,12], or may be
microtubules that escaped from
within the nucleus [9,12]. The few
interphase microtubules present
in the mutant cells grow too long,
curve around the end of the cell
and often lead to growth of cells
with a bent shape [5,6,11,12].
Our understanding of how
iMTOCs nucleate and arrange
interphase microtubules in wild-
type cells is being advanced by
live-cell imaging of cells
expressing fluorescently tagged
forms of Mto1p, Mto2p and Alp4p
(a component of the γTuCs). The
study by Janson et al. [5] reveals
both movement of iMTOCs and
formation of new microtubules
during interphase. Mto2p–GFP
shows two types of movement; it
can move along the side of a
microtubule or hold on to the end
of a depolymerizing microtubule
and ride that end to sites on the
nuclear envelope. Alp4p–GFP
shows similar movements,
indicating that iMTOCs can attach
and move on microtubules to
reach the nuclear envelope,
where most iMTOCs are located.
Using dual-color imaging to
follow both Alp4p–GFP to mark
the iMTOC, and mRFP–tubulin to
label microtubules, Janson et al.
[5] saw dim spots of Alp4p–GFP
associate with the side of an
existing microtubule. A new
microtubule formed at this Alp4p
spot, with its plus end growing in
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Figure 1. Organization of the interphase microtubule array in fission yeast. 
(A) Diagram showing the organization of microtubules and MTOCs. In interphase
S. pombe cells, there are usually four parallel bundles of microtubules. Each bundle con-
tains two or more overlapping microtubules (green) oriented in an anti-parallel configura-
tion with minus ends overlapping near the nuclear membrane (red) and plus ends at the
cell ends. Fission yeast have a spindle pole body (SPB, yellow ellipse) from which intranu-
clear and astral microtubules are nucleated during mitosis. Interphase MTOCs (iMTOCs,
blue ellipses) are concentrated near the nuclear membrane. (B) An image (top panel)
showing a wild-type yeast expressing tubulin (green) and Mto2p (red). Several micro-
tubule bundles are observed in each cell. SPBs (arrowheads) and iMTOCs (arrows) are
marked in the bottom panel, which shows Mto2p localization. Scale bar is 5 µm (image
provided by Phong Tran). (C) Model for the assembly of a new microtubule on a pre-exist-
ing one. A cytoplasmic iMTOC (γTuC) binds to a microtubule (step 1) and nucleates a new
microtubule in the opposite direction (step 2). The new microtubule and its iMTOC are
moved toward the minus end of the pre-existing microtubule (toward the nuclear mem-
brane, step 3). Growth and movement of the iMTOC and nascent microtubule continues,
forming an anti-parallel microtubule bundle with overlapping minus ends (step 4).
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the opposite direction from the
original microtubule. While the
new microtubule is growing, it is
also transported so that its minus
end comes to overlap the minus
end of the existing microtubule;
the new microtubule is both
‘born’ and ‘made’ at the same
time (Figure 1C). By this
mechanism, an anti-parallel
microtubule bundle is formed and
associates with the nuclear
envelope through Mto1p and
Mto2p (Figure 1A).
By binding to an existing
microtubule and nucleating a new
microtubule that has an
orientation anti-parallel to the first
one, the iMTOC complex sets up
a defined array of microtubules. It
is not yet known how
Mto1p/Mto2p and the γTuC bind
in a defined orientation to an
existing microtubule. One
possible component is Ase1p, a
member of the MAP65 family.
Ase1p is required for anti-parallel
microtubule bundling [13],
suggesting that it may play a role
in defining microtubule polarity.
Nucleation of new microtubules
on existing microtubules may be
a general mechanism for
formation of microtubule arrays in
a wide variety of cells. In plant
cells, interphase microtubules run
parallel to each other just below
the plasma membrane [14]. Plant
cells do not have a cytoplasmic
MTOC during interphase, but
γ-tubulin is present at the cell
cortex, suggesting that plant cells
could also localize γ-tubulin
complexes to existing
microtubules [14]. Indeed, Van
Damme et al. [15] observed
microtubule nucleation at the cell
cortex on pre-existing
microtubule bundles, suggesting
that plant cells use a mechanism
similar to that in S. pombe. Linear
arrays of microtubules are also
present in myotubes, epithelial
cells and the axons and dendrites
of neurons. These linear arrays
can be organized with
microtubules parallel (e.g.,
epithelial cells) or anti-parallel
(e.g., dendrites) to each other, but
it is not yet known whether these
arrays are generated by
nucleation on existing
microtubules or whether
homologs of Mto1p and Mto2p
function in non-centrosomal
nucleation.
Movement of microtubules with
γ-tubulin at their minus ends has
also been observed in mitotic
epithelial cells. These microtubule
clusters are moved from the cell
periphery into the forming spindle
by movement along centrosome-
nucleated microtubules [16].
Whether the peripheral
microtubules arose from
nucleation on existing
microtubules or from microtubule
bending and breakage events [17]
is not yet clear, but the presence
of γ-tubulin at their minus ends
suggests that they were nucleated
at non-centrosomal sites.
The S. pombe mto1 and mto2
mutants also clearly demonstrate
another critical function of MTOCs
in that they can determine the
behavior of microtubule plus ends
located several microns away. In
several other cell types, mutations
in γ-tubulin also cause changes in
plus-end dynamics [18,19].
Depletion of Mto1p or Mto2p
results in the formation of one or
two cytoplasmic microtubules that
grow longer than they do in wild-
type cells, often bending around
the tip of the cell [5–7,11,12]. The
overly long microtubules may
reflect the increased
concentration of tubulin in the
cytoplasm [6,12], or altered
binding of plus-end regulatory
proteins [9].
The new studies of microtubule
organization in fission yeast
demonstrate the similarity in self-
organization processes for both
microtubule and actin
cytoskeletons (Figure 2).
Branched networks of actin
filaments in the lamellipodia of
animal cells are formed by the
binding of actin nucleation sites to
the sides of existing filaments. In
the actin system, the nucleating
site binds such that the new
filament grows at a 70° angle to
the existing filament [20]. In S.
pombe, a new microtubule forms
at a 180° angle from the existing
filament. In each case, the
orientation of the nucleator
generates a defined array:
branching networks for actin, anti-
parallel arrays for microtubules.
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Figure 2. Actin and
microtubule arrays can be
assembled by positioning
nucleation sites on existing
polymers.
In the lamellipodia of
migrating cells, a meshwork
of actin filaments is orga-
nized by the placement of
the Arp2/3 complex, which
nucleates new actin fila-
ments. Arp2/3 complexes
bind to pre-existing actin fil-
aments to form a new actin
filament at a 70° angle to
the existing filament, thus
generating a branched
network [20]. In the fission
yeast S. pombe, an iMTOC binds to a pre-existing microtubule such that the new micro-
tubule is nucleated 180° from the pre-existing one, generating an anti-parallel array.
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We blink reflexively to protect our
eyes from potential damage that
might be caused by external
objects such as flying insects and
unruly hair, and also
spontaneously, 10 to 15 times a
minute, to moisten and oxygenate
our corneas. We can intentionally
blink or inhibit blinking, as in the
child’s game of ‘stare down’, but
in general blinking is as
automatic, and goes as
unheeded, as breathing.
Each blink lasts for
100–150 milliseconds, during
which time it obstructs all pattern
vision and attenuates light levels
100-fold. Not only do blinks
disrupt visual input, they generate
a strong, transient whole-field
decrement in luminance that
would normally be highly
disturbing. So why do these
continuous mini-blackouts escape
notice completely? One strategy
would be to blink one eye at a
time, so vision is never completely
disrupted. This is what birds do. In
mammals, however, blinking
always involves both eyes
simultaneously — except for the
intentional social signal, the
wink — possibly to minimise
downtime of binocular vision,
fundamental for depth perception
and for breaking camouflage.
So there is a problem. The
solution is that vision is transiently
suppressed during each blink.
Twenty five years ago, Frances
Volkmann and colleagues [1]
devised an ingenious technique to
measure the neural consequences
of blinks on visual function,
bypassing the physical
consequences of eyelid closure
by stimulating the retinae via the
mouth. Light passes through the
palatine bone to trans-illuminate
the photoreceptors without being
affected by eyelid closure
(Figure 1). In an elegant series of
studies they described the
timecourse and magnitude of
blink suppression, usually a factor
of about three (reviewed in [2]).
Eye-blinking is not the only
disruption vision has to cope with.
A more frequent, and in some
ways more disruptive, problem
arises from the rapid ballistic
movements called saccades, with
which we actively scan the world.
As with blinks, we are normally
unaware both of the fact that our
eyes are continuously moving,
and of the image motion and
image displacement the
movement causes. And as with
blinks, vision is actively
suppressed at the time of
saccades (reviewed in [3]). 
Saccadic suppression shares
much in common with blink
suppression, implicating a
common mechanism: the
magnitude and timecourse are
similar [2]; they show similar
spectral and spatial-frequency
selectivity [4–7]; and blink and
saccadic suppression co-vary
between individuals in a similar
way [8]. Indeed blinks and large-
saccades are often coordinated
[9], presumably to minimise
downtime in visual processing.
Importantly, there is good
evidence to suggest that both
blinks and saccades affect
primarily the magnocellular visual
pathway [6,7], the pathway tuned
to low spatial and high temporal
frequencies, strongly implicated in
motion and flash perception. The
suppression seems to occur via
contrast gain control [10], an
important component of early
visual processing, particularly for
the magnocellular pathways.
Although much work points to
active suppression of vision during
blinks, the neural mechanisms of
the suppression are yet to be
unveiled. As they report in this
issue of Current Biology, Bristow
et al. [11] investigated the neural
consequences of blinking on
visual processing with functional
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Vision: In the Blink of an Eye
Although we blink every 4 to 6 seconds, we notice neither the act of
blinking nor the mini-blackouts they cause. A new study using imaging
techniques identifies the neural structures in humans involved in
suppressing vision processing and visual awareness during blinking.
